Traumatic coma is associated with disruption of axonal pathways throughout the brain, but the specific pathways involved in humans are incompletely understood. In this study, we used high angular resolution diffusion imaging to map the connectivity of axonal pathways that mediate the 2 critical components of consciousnessVarousal and awarenessVin the postmortem brain of a 62-year-old woman with acute traumatic coma and in 2 control brains. High angular resolution diffusion imaging tractography guided tissue sampling in the neuropathologic analysis. High angular resolution diffusion imaging tractography demonstrated complete disruption of white matter pathways connecting brainstem arousal nuclei to the basal forebrain and thalamic intralaminar and reticular nuclei. In contrast, hemispheric arousal pathways connecting the thalamus and basal forebrain to the cerebral cortex were only partially disrupted, as were the cortical ''awareness pathways.'' Neuropathologic examination, which used A-amyloid precursor protein and fractin immunomarkers, revealed axonal injury in the white matter of the brainstem and cerebral hemispheres that corresponded to sites of high angular resolution diffusion imaging tract disruption. Axonal injury was also present within the gray matter of the hypothalamus, thalamus, basal forebrain, and cerebral cortex. We propose that traumatic coma may be a subcortical disconnection syndrome related to the disconnection of specific brainstem arousal nuclei from the thalamus and basal forebrain.
INTRODUCTION
Traumatic coma affects more than 1 million people worldwide each year and leads to untimely mortality or incapacitating morbidity (1Y3). In addition, military personnel currently survive traumatic coma at a higher rate than in past wars because of improvements in body armor and access to life-saving therapies (4) . Some civilians and veterans remain in a state of altered consciousness, such as a vegetative (5) or minimally conscious state (6) , for months to years after emergence from coma (7, 8) . Yet, recovery of significant neurologic function is possible in both civilian (9, 10) and military (4) patients, even in some cases after a prolonged vegetative (11) or minimally conscious state (12) . It is therefore critically important that new tools are developed to elucidate the neuroanatomic basis of traumatic coma and to help determine the potential for recovery of consciousness.
The primary cause of traumatic coma is axonal injury in the white matter caused by shear-strain forces that disrupt axonal integrity and, in the most severe instances, completely sever axons (13Y15). This white matter injury typically involves the cerebral hemispheres, corpus callosum, fornix, internal capsules, cerebellar peduncles, and rostral brainstem (13, 14, 16) . Because the axonal injury is widespread, it remains unknown which specific neuroanatomic pathways are critical to the pathogenesis of coma. Historically, clinical and histopathologic studies of traumatic coma in nonhuman primates, and humans have emphasized that the coma is caused by the totality of the diffuse axonal injury in the white matter and not by focal lesions or disconnection of specific neuroanatomic pathways (17Y19). More recently, it has been proposed that the pathophysiologic basis of traumatic coma is disruption of axons within the ascending reticular activating system (ARAS) (20) . This vital system mediates arousal (wakefulness) via projections from the brainstem to the thalamus, hypothalamus, basal forebrain, and cerebral cortex, thereby activating cortically based ''awareness networks'' (21, 22) . Animal and human studies suggest that, without arousal mediated by the ARAS, awareness is not possible (17, 19, 20, 23, 24) . Even if cortical awareness networks are intact, they remain quiescent without activation by the ARAS.
Since the discovery of the reticular core of the ARAS by Moruzzi and Magoun (25) in 1949, substantial research has established that the ARAS is a network of nodes (gray matter nuclei) and white matter connections that use cholinergic, monoaminergic, and glutamatergic neurotransmitters (22) . Recently, we mapped the neuroanatomic connectivity of the ARAS network in the adult human brain (26) . Because conventional magnetic resonance imaging (MRI) techniques are unable to delineate axonal pathways within neural networks and standard neuropathologic studies are unable to determine the degree and distribution of axonal injury throughout the whole brain in 3 dimensions, the degree and pattern of ARAS injury that underlie traumatic coma are unknown.
In this study of the brain of a middle-aged woman with traumatic coma of 3 days' duration, we used high angular resolution diffusion imaging (HARDI) tractography to guide and augment the histopathologic analysis, thereby circumventing previous methodological limitations. The key feature of HARDI tractography of direct relevance to the analysis of traumatic coma is its exquisite delineation of axonal pathways in white matter. The total number of axons that corresponds to a single HARDI fiber tract remains uncertain and depends on HARDI acquisition parameters. Nevertheless, diffusion tractography of axonal pathways correlates with tissue microscopy of fixed human neurons (27) , axonal labeling in nonhuman primates (28) , and known white matter anatomy in healthy humans (29) and humans with head trauma (30) . We also introduce the use of the fractin immunomarker to the analysis of human axonal injury in traumatic coma. This marker demonstrates damaged axons undergoing apoptosis via caspase-related mechanisms (31, 32) and is critical for unmasking axonal damage that is not always apparent in conventionally stained tissue sections.
MATERIALS AND METHODS

Patient Clinical Information
A 62-year-old woman with hypertension, diabetes mellitus, chronic obstructive pulmonary disease, and alcoholic liver cirrhosis complicated by coagulopathy, esophageal varices, and recurrent episodes of hepatic encephalopathy was admitted to the hospital after a severe traumatic brain injury (TBI). She was found at the bottom of a flight of 15 stairs after an unwitnessed fall. She could not be aroused by emergency medical personnel at the site of the fall and was intubated immediately for airway protection. At the hospital, traumatic coma was diagnosed and hepatic encephalopathy was excluded. Her eyes were closed and did not open to verbal or tactile stimuli. The pupillary light, corneal, cough, and gag reflexes were intact. The patient was able to initiate respirations independent of the ventilator; her heart rate and blood pressure were within normal limits. There was no spontaneous movement in the extremities, and the arms did not respond to noxious stimuli. The legs exhibited reflexive withdrawal to noxious stimulation. Head computerized tomography demonstrated 6 hyperdense lesions in the right caudal midbrain, left cingulate gyrus, bilateral frontal lobes, and fornix, all 3 to 8 mm in diameter, suggesting hemorrhagic traumatic axonal injury. There were no surface contusions or extra-axial hemorrhages. Laboratory evaluation revealed a prolonged international normalized ratio of 2.3 (normal range, 0.9Y1.1), consistent with hepatic coagulopathy. The serum alanine aminotransferase and aspartate aminotransferase levels were normal, and the alkaline phosphatase, total bilirubin, and lipase levels were slightly elevated. Urine toxicology screen was negative. Despite treatment with intravenous vitamin K, fresh-frozen plasma, and prothrombin complex concentrate, a repeat head computerized tomography within 4 hours revealed enlargement of the hemorrhagic lesions, with the right midbrain lesion expanding from 8 to 10 mm in maximal diameter (Fig. 1 ). There was no significant mass effect or evidence of herniation. The patient was treated in an intensive care unit for TBI and concomitant systemic injuries, including multiple skeletal fractures. She was also treated for atrial fibrillation, with rapid ventricular response, and her systolic blood pressure was maintained above 90 mm Hg for most of her course. An intracranial pressure monitor was not placed because of persistent coagulopathy, but no clinical evidence of intracranial hypertension was observed. At day 3 after her fall, the patient suffered a fatal asystolic cardiopulmonary arrest of unknown etiology. She was autopsied under the auspice of the state medical examiner's system. The general autopsy revealed multiple traumatic fractures, hepatic cirrhosis consistent with alcoholism, and pancreatic fibrosis.
Specimen Processing for Postmortem HARDI Analysis
Three postmortem brains were analyzed: that of the TBI patient described above and 2 adult autopsied controls (A and B). All brains were studied with informed consent from the families and institutional review board approval. Control A was a 53-year-old woman, and control B was a 49-year-old man, both of whom died of systemic cancer without brain involvement. The clinical histories for control A and control B have been previously reported (26) . Two postmortem HARDI scans were performed on the TBI patient's brain: 1) a scan of the whole brain at 42 days after death; and 2) a scan of the subsequently dissected brain specimen that included the pons, midbrain, hypothalamus, thalamus, and basal forebrain en bloc performed 47 days after death. The brain of control A was scanned as an identically dissected specimen. The control A brain specimen was dissected 80 days postmortem and imaged 103 days postmortem. The brain of control B was scanned as a whole brain specimen 256 days after death. Dissection of the brains of the TBI patient and control A was performed to optimize the spatial and angular resolution of ARAS connectivity data by minimizing the distance between the MRI receiver coil and tissue of interest.
Previous studies of animal and human brain specimens have demonstrated that postmortem fixation does not preclude measurement of anisotropic water diffusion or fiber tract reconstruction (33, 34) . Quantitative measurements of diffusion anisotropy may be partially dependent on the type of fixative (35) , the time interval from death to tissue fixation (34, 36, 37) , and the time interval from death to image acquisition, but these factors do not seem to alter tractography reconstructions of white matter pathways when the postmortem fixation interval is less than 69 hours and the interval from death to postmortem imaging is less than 40 months (34) . All specimens were fixed in 10% formaldehyde within 48 hours of death (48 hours for the TBI patient, 24 hours for control A, and 16 hours for control B) and scanned within 9 months of death.
At the time of scanning, the control B brain specimen was transferred from a 10% formaldehyde solution to a Fomblin solution (perfluoropolyether; Ausimont USA, Inc., Thorofare, NJ) to reduce magnetic susceptibility artifact (38) . The TBI patient's whole brain specimen was scanned in 10% formaldehyde because a preliminary diffusion-weighted scan performed with the specimen in 10% formaldehyde demonstrated excellent signal-to-noise properties within the brain parenchyma and absence of susceptibility artifact. The dissected specimens of the TBI patient's brain and the control A brain were each scanned in Fomblin because of the potential for increased susceptibility artifact caused by formaldehyde at high field strength (4.7 Tesla).
Whole-Brain Imaging
The whole-brain specimens of the TBI patient and control B were scanned on a 3-Tesla TimTrio MRI scanner (Siemens Medical Solutions, Erlangen, Germany) using a 32-channel head coil. Diffusion data were acquired using a 3-dimensional diffusion-weighted steady-state free-precession sequence (33) that used 44 diffusion-weighted measurements at a spatial resolution (voxel size) of 1.0 Â 1.0 Â 1.0 mm. Total scan time for each whole-brain diffusion scan was 5 hours 35 minutes. Additional diffusion sequence parameters have been previously reported (26) .
Dissected Brain Specimen Imaging
Both dissected specimens (TBI patient and control A) were scanned on a small-bore 4.7-Tesla Bruker Biospec MRI scanner with a diffusion-weighted spin-echo echo-planar imaging sequence that used 60 diffusion-weighted measurements at b = 4057 s/mm 2 . The spatial resolution was 609 Hm Â 734 Hm Â 640 Hm for the TBI patient and 562 Hm Â 609 Hm Â 641 Hm for control A. Total image acquisition time for each dissected specimen was 130 minutes. Additional diffusion sequence parameters have been previously reported (26) .
HARDI Data Analysis
High angular resolution diffusion imaging data were processed for tract construction using Diffusion Toolkit version 6.2 and analyzed for connectivity using TrackVis version 5.2.1 (Wang and Wedeen, www.trackvis.org). Ascending reticular activating system fiber tracts were analyzed using regions of interest (ROIs), the neuroanatomic boundaries of which were determined by correlative analyses of the histologic and radiologic data, as well as by confirmation with neuroanatomic atlases (39, 40) . For each ARAS connectivity analysis, nonrelevant anatomic pathways were eliminated by tracing non-ARAS brainstem nuclei and using a tract subtraction algorithm, as previously described (26) . Subcortical connectivity of the ARAS network in coma and control specimens was visually displayed using an adaptation of the connectogram technique (41) , in which the diencephalic nodes of the ARAS network were placed at the center of the connectogram and the brainstem nuclei along its borders. For the thalamocortical and basal forebrain-to-cortex connectivity analysis, thalamic and basal forebrain ROIs were manually traced and nonrelevant fiber tracts were eliminated by subtracting all thalamic and basal forebrain fiber tracts that connected with the brainstem. Spurious tracts that passed between the thalamus and the corpus callosum were also eliminated. Fiber tracts in the awareness networks of the cerebral hemispheres were analyzed using the ROI approach described by Catani and Thiebaut de Schotten (29) . For all connectivity analyses, ROIs served as ''seeds'' for the generation of fiber tracts using a streamline deterministic model (42) .
To dissect disrupted from intact fiber tracts, we distinguished fiber tracts that terminated within a white matter bundle from fiber tracts that passed through the bundle uninterrupted. Specifically, an ''either end'' tractography algorithm was performed using TrackVis software, in which fiber tracts with at least one end terminating within an ROI were color coded yellow, whereas fiber tracts that did not terminate within the ROI were assigned a second color. Using this segmentation technique, which we call DISCONNECT (Delineation of Intact and Severed Components Of Neural NEtwork ConnecTions), we investigated the capability of HARDI tractography to detect traumatic axonal injury associated with parenchymal hemorrhages and axonal injury without associated hemorrhages. The topography of fiber tract disruptions was further investigated by displaying the cut ends, or termination end points, of all disrupted tracts. These disrupted tract end points were color-coded according to the white matter pathway from which they emanated, allowing for delineation of the extent of injury within each pathway.
Neuropathologic Analysis
Thirty-seven regions of the cerebral cortex and hemispheric white matter from all lobes in the case of traumatic coma were examined microscopically with hematoxylin and eosin (H&E)/Luxol fast blue (LFB) stain. For the traumatic coma patient and control A, the rostral brainstem, hypothalamus, thalamus, and basal forebrain were serially sectioned en bloc at 10-Hm thickness, stained with H&E/LFB, and examined microscopically at 500-Km intervals. Axonal injury was analyzed with immunohistochemistry using antibodies to damaged axons: A-amyloid precursor protein (A-APP) (43) and fractin (31) . Immunomarker analyses with A-APP and fractin were performed at representative levels of the brainstem, hypothalamus, thalamus, basal forebrain, and cerebral cortex in the traumatic coma specimen, including sites with focal hemorrhages by macroscopic examination and sites with fiber disruptions identified by HARDI tractography. For the control A and B specimens, representative sections of the brainstem, hypothalamus, thalamus, basal forebrain, and cerebral cortex were also stained with H&E/LFB and by immunohistochemistry for A-APP and fractin. To distinguish them from corpora amylacea, the criteria for identifying cross sections of axonal spheroids in the H&E/LFB-stained sections were as follows: 1) spherical shape; 2) eosinophilia; and 3) diameter measuring 2.5 to 5.0 Km (depending on the size of the axon). An important distinction in the neuropathologic analysis of the trauma case was between corpora amylacea and axonal spheroids because these structures overlap in shape and diameter. Corpora amylacea are spherical laminated bodies composed of polyglucosans that accumulate with aging and are well known to bind nonspecifically to many antibodies (44) , including epitopes of extracellular A-APP (45). We distinguished corpora amylacea from axonal spheroids by the presence of the following features in the corpora amylacea: 1) location around blood vessels and beneath the ependymal lining and pia; and 2) the presence of basophilia, lamination, and central cores. We found that the A-APP antibody nonspecifically stained corpora amylacea in both case and control specimens; the fractin antibody rarely stained corpora amylacea in all 3 specimens (Figure, Supplemental Digital Content 1, http://links.lww.com/NEN/A455). Therefore, we used a combined review of H&E/LFB, A-APP, and fractin immunostained sections to determine the presence of axonal spheroids.
To demonstrate the spatial distribution of axonal injury in the cerebral cortex related and unrelated to focal white matter hemorrhage, we mapped damaged axons immunostained for A-APP or fractin with a computer-based graphics system, Neurolucida (31) , in the cingulate cortex overlying focal hemorrhage, and in the contralateral cingulate cortex without gross lesions at the same coronal level. Because there is evidence that a tauopathy underlies chronic traumatic encephalopathy (46), anti-tau antibody immunohistochemical staining was also performed on cingulate samples with and without focal hemorrhages and the thalamus to evaluate for the presence of tau-immunoreactive neuronal cell bodies and axons, neurofibrillary tangles, and astrocytes. Immunostaining for A-amyloid in the same cortical samples was also performed to assess for A-amyloid plaques, a finding reported by others after acute head trauma (47).
Immunocytochemistry
Antibodies specific for A-APP (mouse monoclonal, 1:100; Chemicon, Temecula, CA) and fractin (rabbit polyclonal, 1:500; BD Biosciences, San Jose, CA) were used according to published protocols (31) . Immunostains for tau (rabbit polyclonal, 1:2000; DAKO) and A-amyloid (mouse monoclonal, 1:150; DAKO) were performed according to standard diagnostic laboratory protocols. Negative controls omitted the primary antibodies. To confirm that A-APP was labeling axonal spheroids and not cellular nuclei, we used A-APP fluorescence costained with a Hoechst dye for detection of nuclei. Sections of the cingulate cortex were prepared and stained for A-APP as previously described. Sections were then incubated with an Alexa Fluor 596 goat anti-mouse secondary antibody (Invitrogen, Grand Island, NY) and coverslipped in mounting medium containing 0.5 Kg/mL bisbenzamide. Immunofluorescence was visualized with an Olympus BX51 microscope (Olympus America, Inc., Melville, NY) using TRITC and 4 ¶,6-diamidino-2-phenylindole filters. Images were captured by a Cool SNAP fx camera (Photometrics, Tucson, AZ) and MCID Elite 6.0 software (Life Sciences, Piscataway, NJ).
RESULTS
Overview of Neuropathologic Findings
The major findings on macroscopic examination of the TBI patient's brain were 11 small parenchymal hemorrhagic tissue tears (2-to 12-mm diameter). The focal hemorrhagic tears were present in the white matter of the left superior frontal gyrus, left posterior cingulate gyrus, right posterior frontal region, right inferior frontal gyrus, right and left orbital frontal regions, body of the corpus callosum, and fornix. In addition, they were present in the right dorsolateral quadrant of the rostral pons and caudal midbrain, left dorsolateral quadrant of the caudal midbrain, and the right cerebral peduncle within the frontopontine pathway (Fig. 2 ). There were no extra-axial hemorrhages or surface contusions; cerebral edema, transtentorial herniation, and ventricular dilatation were not present. There was mild atherosclerosis of the basilar artery, with no thromboemboli.
Microscopically, there was mild Alzheimer type II gliosis of the cerebral cortex, basal ganglia, and thalamus bilaterally, consistent with mild hepatic encephalopathy. There was a moderate loss of Purkinje cells and internal granular cells with Bergmann gliosis in the cerebellar cortex that involved mainly the vermis, consistent with alcohol-related malnutrition. The hippocampus was histologically unremarkable, without neuronal loss, gliosis, or axonal spheroid formation in the dentate A right lateral view of fiber tracts generated by the cuneiform/subcuneiform nucleus (red) and the pontis oralis (blue) in the TBI patient's dissected specimen (C) and the control A specimen (D) demonstrates disruption of thalamic (Thal) connectivity but partial preservation of hypothalamic (HyTh) connections. Tracts are superimposed on diffusion-weighted images (axial image at mid-pons, sagittal image at midline). The right caudal midbrain hemorrhage (Hem) is rendered in 3 dimensions in (C) (yellow, solid arrow). Cuneiform/subcuneiform and pontis oralis fiber tracts are shown from a ventral perspective for the traumatic coma patient in (E) and for control A in (F ), superimposed on diffusion-weighted images (axial at mid-pons, coronal at mid-thalamus).
gyrus, CA1-4, or subiculum. Consistent with the macroscopic findings, there was no microscopic evidence of intracranial hypertension (48) .
Standard neuropathologic analyses of the brains of control A and control B have been previously reported and were generally unrevealing (26) . In control A with breast cancer and pelvic sarcoma, possible isolated axonal spheroids (with diameters consistent with early stages of corpora amylacea development) were scattered in the rostral brainstem, medial thalamus, and hypothalamus, predominately in subpial, subependymal, and perivascular locations; in addition, corpora amylacea immunostaining nonspecifically with A-APP was prominent in the same sites. The etiology of the possible axonal spheroids (not associated with a surrounding tissue reaction) in control A was unknown.
ARAS Correlative Tractography-Histopathology Analysis HARDI Tractography
Connectivity analysis of the cuneiformis/subcuneiformis nucleus (mesencephalic reticular formation) and pontis oralis (pontine reticular formation) ROIs in the midbrain and rostral pons, respectively, revealed symmetric and bilateral disruption of the white matter pathways connecting these brainstem sites to the thalamus as compared with the 2 control brains (Fig. 2) . Tractography analyses of the so-called ''neurotransmitterspecific'' brainstem nuclei of the ARAS also demonstrated bilateral and symmetric disruptions of pathways connecting the pedunculopontine (cholinergic) nucleus, parabrachial (glutamatergic) complex, (serotonergic) dorsal raphé, and (noradrenergic) locus coeruleus to the thalamic intralaminar nuclei (central lateral and centromedian-parafascicular nuclei) (Fig. 3) . The only fiber pathways connecting the thalamus and the brainstem arousal nuclei that remained partially preserved were those to the lateral geniculate nucleus (visual relay) from the mesencephalic reticular formation, pedunculopontine nucleus, and dorsal raphe. In comparison with the control brains, there was also complete disruption of pathways between the patient's ARAS brainstem nuclei and the basal forebrain. In contrast, fiber tracts connecting the mesencephalic reticular formation, pontine reticular formation, pedunculopontine nucleus, parabrachial complex, dorsal and median raphé, and locus coeruleus to the hypothalamus appeared partially preserved (Fig. 3) . Only the ventral tegmental area was completely disconnected from the hypothalamus in the TBI patient compared with that in the controls.
Neuropathologic Examination
On microscopic examination of the TBI patient's brain, there were bilateral focal hemorrhagic tears in the dorsolateral quadrants of the rostral brainstem (Fig. 2) . On the right side, the hemorrhage measured 10 mm in largest diameter in the cuneiformis/subcuneiformis of the caudal midbrain. It was present at the dorsal border of the decussation of the superior cerebellar peduncle and displaced the aqueduct of Sylvius to the left, without occluding it. Microscopically, the hemorrhage severely disrupted the architecture of the cuneiformis/ subcuneiformis and was surrounded by scattered necrotic neurons and axonal spheroids; it did not disrupt the dorsal raphe or periaqueductal gray. The right-sided hemorrhagic tear in the midbrain extended caudally and partially destroyed the right locus coeruleus at the level of the rostral pons and was associated with adjacent scattered axonal spheroids, vacuolation, and focal clusters of macrophages. On the left side, a hemorrhagic tear measuring 5 mm in largest diameter was present in cuneiformis/subcuneiformis at the caudal midbrain level comparable to that containing the focal hemorrhagic tear on the contralateral side (Fig. 2) . Scattered axonal spheroids were also identified, including with A-APP and fractin immunostaining, bilaterally in the central tegmental tract, pontis oralis, pontis caudalis, periaqueductal gray, inferior colliculus, dorsal raphe, medial and lateral parabrachial nuclei, pedunculopontine nuclei, and the tegmentum of the rostral medulla (the most caudal level of the brainstem examined). Also seen were occasional linear and beaded axonal swellings (data not shown). In the corticospinal tract at the level of the caudal pons, there was a focus of axonal spheroids, myelin pallor, vacuolation, and macrophage infiltration. Axonal spheroids were noted in the hypothalamus bilaterally, without associated changes in neuronal cell bodies or gliosis. Neuron cell bodies in the brainstem were negative for specific immunostaining to the A-APP and fractin antibodies.
Intrinsic Thalamic Connectivity
HARDI Tractography
We applied HARDI tractography to analyze fiber pathways that comprise the intrathalamic ''gating'' networks known to modulate arousal and generate sleep spindle waves (49, 50) . In the TBI patient's brain, we observed a pattern of connectivity between the reticular, central lateral, and centromedian/ FIGURE 3. Connectivity of brainstem arousal network pathways that are known to use specific bioaminergic and glutamatergic neurotransmitters. Dissected control A specimen (A) and traumatic coma patient (B) are shown from a dorsal view with fiber tracts that are color coded according to the brainstem nucleus from which they originate: purple, (cholinergic) pedunculopontine nucleus; yellow, (glutamatergic) parabrachial complex; turquoise, (serotonergic) dorsal raphé; dark blue, (noradrenergic) locus coeruleus; green, (serotonergic) median raphé; pink, (dopaminergic) ventral tegmental area. Tracts are superimposed on nondiffusion-weighted images (axial, midbrain; coronal, thalamus). Fiber tracts in the control, but not the traumatic coma patient, connect with the intralaminar nuclei (CL, central lateral nuclei; CEM/Pf, centromedian/parafascicular complex) and the reticular nuclei (Ret) of the thalamus. A significant amount of tract disruption occurs rostral to the hemorrhages (Hem, red), likely caused by nonhemorrhagic axonal injury in the rostral midbrain (Fig. 2B) . Left lateral views of the specimens from control A (C) and traumatic coma patient (D) show the same color-coded fiber tracts and their connections with the hypothalamus (HyTh), which are partially preserved in the coma patient. The nuclei are rendered in 3 dimensions and are semitransparent so that fibers can be seen within them. 
Neuropathologic Examination
Scattered neurons throughout the thalamic nuclei appeared shrunken in the trauma case, with no obvious neuronal loss. Immunocytochemical analysis with antibodies to fractin and A-APP revealed scattered axonal spheroids and linear fragments in medial and lateral subnuclei bilaterally and to variable degrees (Fig. 4) . The affected nuclei included the mediodorsal nucleus, anterior nucleus, posterior lateral nucleus, pulvinar, centromedian/ parafascicular nuclear complex, and the reticular nucleus. Neuronal cell bodies in the thalamus were negative for specific immunostaining to the A-APP and fractin antibodies. Immunostaining for tau was negative in axons and neuronal and glial cell bodies (data not shown).
Thalamocortical Connectivity HARDI Tractography
Analysis of the thalamocortical fiber tracts in the TBI patient revealed variable disruptions in the left and right hemispheres as compared with the thalamocortical tracts in control B (Fig. 5) . Bilateral thalamocortical connections were partially preserved in the frontal, temporal, parietal, and occipital lobes in the TBI patient, especially in the right hemisphere.
Neuropathologic Examination
The thalamocortical fibers are components of the cerebral white matter and could not be distinguished on tissue analysis from other pathways in the cerebral white matter. 
Connectivity From the Basal Forebrain to the Cerebral Cortex HARDI Tractography
White matter pathways corresponding to the medial basal forebrain pathways (BFP M ) coursing to the cerebral cortex described by Selden et al (51) were disrupted in the TBI patient. In contrast, the lateral basal forebrain pathways (BFP L ) remained partially intact, with a pattern of frontal, temporal, parietal, and occipital lobe connectivity similar to that in the control B brain ( 
Neuropathologic Examination
The substantia innominata was notable for the bilateral presence of axonal spheroids that were highlighted by fractin and A-APP immunostaining in the coma case (Fig. 4) . There was no obvious neuronal loss or gliosis.
''Awareness Network'' Connectivity in the Cerebral Hemispheres HARDI Tractography
Widespread axonal injury in the white matter of the cerebral hemispheres was detected with HARDI tractography, as demonstrated by the end points of disrupted fiber tracts in the same regions in which axonal spheroids and fragments were demonstrated in tissue sections (Fig. 6 ). In the TBI patient's brain, HARDI tractography revealed partial preservation of the transcallosal fibers (Fig. 5) , cingulum bundles ( (Fig. 8) , all of which had a neuroanatomic distribution of connections that was similar to that in the control B brain and published reports (29) . Disrupted fiber tracts were dissected from adjacent intact Tracts that terminate within the corpus callosum (CC) are dissected using the DISCONNECT segmentation technique and color-coded yellow. More disconnected yellow fibers are seen in the traumatic coma patient than in the control, but many transcallosal fiber tracts remain intact in the traumatic coma patient. All fiber tracts in (AYD) are superimposed on diffusion-weighted images.
fiber tracts using the DISCONNECT segmentation technique, allowing for topographic mapping of axonal injury (Figs. 5, 6 ). In the left cingulate hemorrhage, HARDI tractography demonstrated complete disruption of the fibers, with no fibers coursing through the hemorrhage itself. This neuroimaging observation was confirmed by histologic correlation in which direct tissue analysis revealed that no axons passed through the center of the hemorrhage (Fig. 7) . In the fornix, however, HARDI tractography demonstrated the passage of a subset of fibers through the hemorrhage, whereas other fibers appeared transected at its edges, a finding likewise confirmed on correlative histologic examination (Fig. 8) . High angular resolution diffusion imaging analysis of the corpus callosum and fornix in control B revealed a limited number of cut fiber end points that were not confirmed on microscopic examination (Fig. 9) . These putative tract disruptions were mainly localized to the edges of the corpus callosum and fornix of control B and were not distributed throughout these white matter tracts.
Neuropathologic Examination
We found extensive nonhemorrhagic axonal injury throughout the hemispheric white matter in the TBI case, as indicated by axonal spheroids detected with conventional staining and/or A-APP and by degenerating axonal fragments detected with fractin. The axonal fragments were thin and linear, measuring 25 to 650 Km in length. Axonal spheroids and degenerating axonal fragments were also present in the cerebral cortex (Figs. 6, 10 ). There were no focal hemorrhages or obvious neuronal loss; scattered neurons were shrunken and darkly staining. The A-APP immunostain demonstrated axonal spheroids in all laminae of the cingulate gyrus, both at the site overlying the focal hemorrhage in the cingulum bundle The tract termination end points in this same region correspond closely to the histopathologic topography of axonal spheroids seen in (C). All tract end points in (D) were generated using a ''virtual slide'' region of interest with the same dimensions as the rectangle in (A). Using the DISCONNECT segmentation technique, tract end points in (D) are color coded according to the white matter bundle from which they emanate: blue, CB; pink, corpus callosum (CC); turquoise, thalamocortical; yellow, undetermined white matter bundle(s). All fiber tract end points in (D) are superimposed on a coronal diffusion-weighted image that corresponds to the coronal tissue plane shown in (A) and (C). and the contralateral site without focal white matter hemorrhage. These A-APPYimmunoreactive spheroids were detected at both the depths and the crests of the sulci, as depicted with Neurolucida. The A-APPYimmunopositive circular structures interpreted as axonal spheroids did not colocalize with the nuclear stain 4 ¶,6-diamidino-2-phenylindole, excluding the technical possibility that A-APP stained glial or other nuclei nonspecifically (Figure, Supplemental Digital Content 6, http://links.lww.com/NEN/A460). Axonal fragments, as detected by fractin immunostaining, on the other hand, were clustered along the sides and at the crowns of gyri in the trauma case, with sparing of the sulcal depths (Fig. 10) . Within the . The yellow axes centered on the CB hemorrhage in (E) indicate the neuroanatomic location of the gray axes shown in (F), which are located at the center of the hemorrhage. In (F), the center of the hemorrhage is seen from within the hemorrhage itself, with neuroanatomic planes labeled as S (superior), I (inferior), P (posterior), L (lateral), and M (medial). The arrow in (F) points to the blue fiber tracts indicated by the arrow (D), which are seen in (F) from within the hemorrhage. Fiber tracts in (F) pass along the borders of the hemorrhage but not through its center. The closest that a fiber tract comes to the center of the hemorrhage is 3.5 mm.
clusters, the axonal fragments were concentrated in the deeper laminae (layers IV to VI). Interestingly, this same pattern of clustered axonal fragments was noted in the contralateral cingulate cortex, remote from focal hemorrhage (Fig. 10) . There was no A-APP, fractin, or tau immunostaining in neuronal cell bodies. Moreover, no A-amyloid plaques were identified in the cerebral cortex, and there was no evidence of amyloid angiopathy (data not shown). The Bielschowsky silver technique was negative for neurofibrillary tangles. Fractin and A-APP immunostaining was negative in the cerebral cortex of the 2 control cases, except for nonspecific staining of perivascular and subpial corpora amylacea.
DISCUSSION
In this correlative historadiologic study, we dissected the neuroanatomic substrate of traumatic coma by integrating findings from HARDI tractography and histopathology. Whereas the burden of axonal injury was widespread in this case, as previously observed in traumatic coma (17, 19) , we found that the degree, type, and pattern of injury varied considerably in the different white matter pathways of the arousal and awareness networks. Each arousal and awareness pathway contained disrupted fiber tracts, but only the subcortical pathways of the ARAS were completely disconnected, a finding that strongly implicates the subcortical ARAS arousal network, we believe, as the defining substrate of traumatic coma in this patient. Thus, we propose that traumatic coma may be a subcortical disconnection syndrome related to the disconnection of specific brainstem arousal nuclei from the thalamus and basal forebrain. Although HARDI tractography generates inferential models of white matter connectivity that require validation with ''gold standard'' histopathology, a major advantage of HARDI tractography is that it provides 3-dimensional connectivity maps of neural networks, with simultaneous visualization of axonal pathways linking each network node. High angular resolution diffusion imaging tractography and histopathology thus build on and inform one another in unique ways to provide novel insights into the neuroanatomic basis of traumatic coma. The correlative historadiologic methods reported here may enable the systematic classification of 3-dimensional connectivity in patients with traumatic coma, thereby advancing mechanistic understanding of individual cases and general patterns of injury.
Traumatic Coma as a Subcortical Disconnection Syndrome
The disconnection paradigm has been applied to many neurologic diseases since its revitalization by Geschwind (52) in 1965, but it has typically been used to explain disorders of awareness caused by disruption of cortical networks. In this study, we demonstrate that traumatic coma, a disorder of arousal, also meets the phenomenological criteria for a disconnection syndrome: a neurologic disorder caused by disruption of white matter pathways connecting gray matter nodes in a network and/or destruction of an associative gray matter node with widely distributed connectivity within the network (52). In our case, HARDI tractography reveals that, within the ARAS, brainstem arousal nuclei are completely disconnected from the thalamic intralaminar nuclei, thalamic reticular nuclei, and basal forebrain. These findings suggest a critical role for the thalamic intralaminar and reticular nuclei and the basal forebrain in human consciousness, consistent with prior clinicopathologic (53Y55) and functional (56Y58) studies. We speculate that the thalamus and basal forebrain are the subcortical ''associative nodes'' of the arousal network that integrate and modulate ascending arousal signals and activate upstream awareness networks (50) .
Given that arousal is dependent not only on ARAS connections from the brainstem to the thalamus and basal forebrain but also on hemispheric connections from the thalamus and forebrain to the cerebral cortex (49) , it is of interest that axonal injury was present throughout the white matter and gray matter of the cerebral hemispheres. Yet, despite the presence of hemispheric axonal injury, neither the thalamus nor the basal forebrain was completely transected from the cortex; rather, both of these subcortical sites connected to multiple cortical sites throughout the bilateral frontal, temporal, parietal, and occipital lobes. Similarly, hemispheric pathways that contribute to awareness, such as the arcuate fasciculus (language), fornix (memory), and transcallosal pathways (integration of interhemispheric cognitive processing), all contained intact fiber tracts linking cortical sites. Although the threshold of intact fibers required to sustain a particular neurobehavioral function remains unknown, the qualitative proportion of brainstem axonal injury in our patient far outweighed that of the hemispheric white matter and gray matter damage. This observation suggests that the structural cause of traumatic coma in this patient is complete disconnection of the subcortical components of the ARAS in the setting of partial preservation of its cortical components.
Historically, biomechanical and histopathologic studies have emphasized 2 main points about the pathogenesis of traumatic coma: 1) when shear-strain forces are severe enough to cause brainstem injury, the concurrent hemispheric injury must be diffuse and equally, if not more, severe; and 2) it is the totality of the diffuse axonal injury that causes the coma (17Y19). Our results challenge these classical concepts and support an alternative view that subcortical disconnection of the ARAS may cause coma even if its cortical components remain partially intact. This critical role of the subcortical components of the ARAS network in the pathogenesis of traumatic coma is consistent with recent observations in a piglet model of traumatic coma, in which Smith and colleagues (20) demonstrated that the presence of coma was more strongly correlated with brainstem axonal injury than with the presence of axonal injury in the cerebral hemispheres. Our correlative tractography-histopathology analysis provides evidence in a human patient with traumatic coma that it is likely not the sum total of axonal injury that causes coma but rather the disconnection of specific subcortical components of the ARAS arousal network. We believe, therefore, that the term ''multifocal traumatic axonal injury,'' rather than the commonly used term ''diffuse axonal injury,'' more accurately describes the nonuniform distribution of neural network disconnections that underlies traumatic coma and more appropriately connotes the potential for recovery of neurologic function.
Dissection of ARAS Fiber Pathways Critical to Different Behavioral Aspects of Traumatic Coma
A striking feature of ARAS connectivity demonstrated in this case is the preservation of fiber pathways linking the brainstem arousal nuclei to the hypothalamus, which raises the intriguing possibility that the sparing of these ARAS pathways allowed for the continued maintenance of the patient's vital brainstem-hypothalamic homeostatic functions, such as temperature control (59) and blood volume regulation (60) . It has long been recognized that the brain's rotation within the cranium is centered on a fulcrum in the upper brainstem and diencephalon (17) , and indeed our histopathologic analyses identified not just hemorrhagic axonal injury in the caudal midbrain but also extensive nonhemorrhagic bilateral axonal injury in the rostral midbrain. Yet, our ARAS connectivity analyses revealed that the rotational shear-strain forces sustained by the TBI patient during a fall down 15 stairs partially spared the ventral hypothalamic components of the ARAS network and preferentially disrupted its dorsal thalamic components. Because patients who emerge from traumatic coma often progress to a vegetative state (either transiently or permanently) in which hypothalamic circadian sleep-wakes cycles are preserved, these connectivity findings may provide a neuroanatomic basis for the transition from traumatic coma to the vegetative state.
Depiction of the ARAS Network in Traumatic Coma
In this study, we adapted the connectogram technique recently proposed by Irimia et al (61) to facilitate visualization of the ARAS network in traumatic coma. Whereas previous applications of the connectogram to TBI have focused on axonal networks linking cortical nodes (61), we provide here the first visual representation of the subcortical human ARAS connectogram, both in its normal and disconnected states. White matter and gray matter injury are displayed simultaneously; axonal disconnections are indicated by the absence of lines connecting network nodes at the inner hubs and outer rungs of the connectogram, and shaded boxes indicate focal hemorrhagic injury to the nodes themselves. In our patient with traumatic coma, the ARAS connectogram conveys in a single image the symmetric disconnection of brainstem nuclei from the thalamus and basal forebrain, the partial preservation of brainstem connectivity with the hypothalamus, and the asymmetric hemorrhagic injury to pontine and mesencephalic brainstem nuclei. Future structural connectograms using HARDI tractography data will need to be integrated with functional MRI (62Y64), electroencephalogram (65, 66) , and behavioral (67) data to correlate structural connectivity quantitatively with radiologic, electrophysiologic, and clinical measures of neural network function.
Fiber Tract Disconnection
The DISCONNECT segmentation technique introduced in this report provides the neuroimaging capability to decipher the site and degree of fiber tract disconnection in the human brain, thereby enabling connectivity analysis even in the early stages of traumatic coma before Wallerian degeneration has occurred. In our case, this technique revealed the preservation of fiber tracts within focal hemorrhages in certain instances, indicating that such hemorrhages are not always completely destructive and that there is potential for recovery of axonal function on resolution of hemorrhages. Yet, a limitation of HARDI tractography is that it identified putative fiber tract disruptions in the white matter of the corpus callosum and fornix of the control brain that were not confirmed on histologic examination. These putative tract disruptions were localized to the edges of the corpus callosum and fornix, suggesting that they are a technical artifact (i.e. volume averaging) caused by the inability of HARDI to detect fiber tract continuity in voxels that contain both white matter and adjacent nonYwhite matter structures, such as the fluid-filled ventricles.
Apoptosis in Human Traumatic Axonal Injury
We observed extensive A-APPY and fractin-positive immunostaining in axonal spheroids and/or degenerating fragments both in gray and white matter sites in our case. The finding of A-APP accumulation in axonal spheroids in the white matter is expected because this integral membrane protein is known to accumulate in damaged axons with altered membrane integrity, disrupted transport, swelling, or complete transection, thereby serving as a tissue marker of axonal damage at different stages of TBI (43, 68, 69) . The finding of fractin immunostaining, however, indicates a specific mechanistic role for caspase-induced apoptosis in the pathogenesis of human traumatic axonal injury that has not been reported in previous autopsy studies. The fractin antibody identifies a cleavage fragment of A-actin, a component of the axonal cytoskeleton; positive immunostaining indicates activation of caspases, including caspase-3 (32) . Current experimental data emphasize the critical involvement of calcium in traumatic axonal injury that acts through multiple concurrent pathways: trauma-induced suprathreshold shear and tensile insults lead to calcium influx across the axolemma with early calcium activation of calpains, which in turn trigger intracellular changes involving mitochondria with cytochrome-c release, followed by the activation of caspase and ultimately the destruction of axons via caspase-induced cleavage of their major structural proteins (68) . Although A-APP deposition in axons has been reported as early as 35 minutes after TBI in human adults (70) , the timing of the emergence of fractin immunostaining in the human brain is unknown. Nevertheless, caspase activation is thought to lead to irreversible structural damage of the axon that is not amenable to therapeutic intervention. The finding of fractin immunostaining in axons in our TBI case as early as 3 days after injury indicates that the human window for therapeutic intervention with upstream calpain inhibitors that protect against calcium-induced damage may be quite limited.
Gray Matter Injury in Traumatic Coma
An important aspect of this study is that the neuropathologic examination revealed relatively extensive axonal injury within gray matter sites in the trauma case that was not appreciated with HARDI tractography. Although focus is typically placed on axonal injury in the white matter in acute TBI, axonal and neuronal cell body injury is also recognized in gray matter, including the cerebral cortex, thalamus, and hippocampus (15, 46, 69, 71) . Diffuse neuronal atrophy and death in acute TBI that is unrelated to contusional and pericontusional sites is likely caused by multiple factors, including delayed cell death after perisomatic or distant axotomy, ischemia, free radical injury, neuronal membrane dysfunction with activation of cysteine proteases and rapid somatic degradation, and/or trauma-induced release of excitotoxic neurotransmitters (15, 46, 72Y75) . In our case of traumatic coma of 3 days' duration, we did not observe obvious diffuse neuronal cell loss in any gray matter site, although acutely necrotic neurons were appreciated at hemorrhagic sites of axonal injury, such as in the midbrain. There are reports that tau-immunoreactive pathology and A-amyloid plaques may be seen within hours of acute head injury in adult humans (and they are also key neuropathologic features of chronic traumatic encephalopathy [46] ); however, immunostaining for tau and A-amyloid was negative in our case.
We did observe axonal spheroids in gray matter sites mainly in the cerebral cortex, thalamus, hypothalamus, basal forebrain, and brainstem. Of note, there were possible axonal spheroids that were predominately A-APP immunostaining positive in various sites in the brain of control A. Indeed, axonal spheroids have been observed in the brains of individuals dying with a variety of neurologic complications, including hypoxia-ischemia, status epilepticus, multiple sclerosis, and cerebral swelling; they are, therefore, not specific for TBI (76) . The observation of possible axonal spheroids in the brain of control A highlights the difficulty of obtaining completely normal brains of adult humans at autopsy. Nevertheless, the extent and distribution of axonal spheroids in the TBI case were disproportionately greater than in control A and involved the cerebral cortex, which was spared in control A.
In the cerebral cortex in the TBI case, we observed a distinct clustering of axonal fragments, as detected by fractin immunostaining, in the crowns and sides of the gyri, with sparing of the depths of the sulci. This pattern was distinct from that of A-APP immunostaining, which demonstrated axonal spheroids in all laminae and all subdivisions of the gyri as well as in the underlying white matter. The pattern of fractin immunostaining suggests that the axonal fragments are incoming (distal) fibers from specific fiber pathways to the cerebral cortex that are undergoing degeneration from deep proximal sites sheared acutely or from thalamic neuronal (fractin-immunopositive) cell bodies undergoing apoptosis. The A-APPYimmunopositive spheroids, on the other hand, may represent disrupted perisomatic axons within gray matter caused by primary disruption (77) . The factors determining the clustering of axonal fragments in the crowns and sides of the gyri may also reflect the differential organization of the crown, side, and sulcal depth of the gyrus relating to subdivisions of such aspects of cortical organization as columns/modules (78), chemoarchitecture (79) , cytoarchitecture (80) , vascularity (81) , and function (82) .
An important limitation of HARDI tractography is that it currently lacks the spatial resolution to differentiate between intact and injured axons within gray matter. Thus, it is important in the interpretation of HARDI tractography in patients with traumatic coma to be cognizant that gray matter pathology may exist in conjunction with fiber tract disconnections identified in white matter. Future correlative historadiologic studies may benefit from the application of additional advanced imaging techniques, such as cortical volumetric analysis (83) and cortical diffusion analysis (84) . Indeed, multimodal advanced imaging studies have provided important insights into the pathophysiology of human TBI in vivo (85) and may yield similarly important insights in postmortem analyses of human TBI.
Implications for Clinical Care of Patients With Traumatic Coma
The proposed reconceptualization of traumatic coma as a subcortical disconnection syndrome carries significant implications for the treatment of civilians and military personnel with traumatic coma. If coma can be caused by disconnection of specific subcortical pathways within the ARAS arousal network, then affected patients may possess unique combinations of structurally intact pathways within the arousal and awareness networks, with the potential to support recovery of consciousness. Indeed, the redundancy and multiplicity of connections from ARAS brainstem nuclei to the thalamus, hypothalamus, and basal forebrain (26) suggest that the ARAS may have the capacity to support recovery of arousal when individual components of the network, but not the entire network, are disconnected. The application of the subcortical disconnection model to living patients with traumatic coma may, therefore, enable clinicians to target pharmacologic (86) and electrophysiologic (57) therapies to specific sites of subcortical ARAS disruption, thereby activating quiescent cortical networks and restoring consciousness. Although the long duration of HARDI data acquisition currently limits clinical implementation, rapid advances in HARDI sequence development (87) are expected to translate this technology to the bedside in the near future. By applying the subcortical disconnection paradigm, the DISCONNECT segmentation technique, and the connectogram visualization technique to the study of additional patients with traumatic coma, each patient may provide insights about which components of the ARAS are sufficient to support recovery of consciousness.
